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ABSTRACT 22 

Signatures of spatially varying selection have been investigated both at the genomic and 23 

transcriptomic level in several organisms. In Drosophila melanogaster, the majority of these 24 

studies have analyzed North American and Australian populations, leading to the 25 

identification of several loci and traits under selection. However, populations in these two 26 

continents showed evidence of admixture that likely contributed to the observed population 27 

differentiation patterns. Thus, disentangling demography from selection is challenging when 28 

analyzing these populations. European populations could be a suitable system to identify loci 29 

under spatially varying selection provided that no recent admixture from African populations 30 

would have occurred. In this work, we individually sequence the genome of 42 European 31 

strains collected in populations from contrasting environments: Stockholm (Sweden), and 32 

Castellana Grotte, (Southern Italy). We found low levels of population structure and no 33 

evidence of recent African admixture in these two populations. We thus look for patterns of 34 

spatially varying selection affecting individual genes and gene sets. Besides single nucleotide 35 

polymorphisms, we also investigate the role of transposable elements in local adaptation. We 36 

concluded that European populations are a good dataset to identify loci under spatially 37 

varying selection. The analysis of the two populations sequenced in this work in the context 38 

of all the available D. melanogaster data allowed us to pinpoint genes and biological 39 

processes relevant for local adaptation. Identifying and analyzing populations with low levels 40 

of population structure and admixture should help to disentangle selective from non-selective 41 

forces underlying patterns of population differentiation in other species as well.  42 

43 
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INTRODUCTION 44 

Adaptation is a central concept in evolutionary biology. Adaptation underlies such important 45 

processes as the ability of species to survive in changing environments. However, 46 

understanding how organisms adapt to their environment, specifically which genes and which 47 

biological processes are more relevant for adaptation, are still open questions in evolutionary 48 

biology. In the last decades, adaptation to new environments associated with colonization 49 

processes, and adaptation to changing environmental conditions, both natural and human-50 

driven, has been extensively studied (reviewed in Adrion et al. (2015); Fan et al. (2016) and 51 

Flood & Hancock (2017)). Analyses of several populations collected along environmental 52 

gradients, and of pairs of populations from contrasting environments are often used to identify 53 

genetic variants under spatially varying selection. Several approaches have been applied to 54 

the detection of adaptive evolution, from investigating the genetic basis of a known adaptive 55 

trait, to the identification of candidate adaptive variants without a priori knowledge of the 56 

relevant adaptive phenotypes (Pardo-Diaz et al. 2015; Hoban et al. 2016). All these 57 

approaches have been boosted by the availability and reduced costs of sequencing 58 

technologies that are being applied at the genomic and transcriptomic level (Pardo-Diaz et al. 59 

2015; Villanueva-Cañas et al. 2017). Insights on the genomic targets of spatially varying 60 

selection, the molecular mechanisms underpinning local adaptation, and the extent of parallel 61 

adaptation, in model and non-model species, is starting to accumulate (Adrion et al. 2015; 62 

Fan et al. 2016 and Flood & Hancock 2017). However, several challenges such as the role of 63 

demography in the observed population differentiation patterns, and thus the identification of 64 

the true targets of spatially varying selection (Flatt 2016) still remain. In this work, we tested 65 

whether European Drosophila melanogaster natural populations could be a good model 66 
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system to disentangle the effects of demography and selection, and thus to identify the genetic 67 

basis of local adaptation.  68 

D. melanogaster has several characteristics that makes it an exceptional organism to pinpoint 69 

adaptive variants and thus to advance our knowledge on the genes and biological processes 70 

that are more relevant for adaptation. This species has recently (10.000-16.000 years ago) 71 

colonized worldwide environments from its ancestral range in subtropical Africa (Li & 72 

Stephan 2006). This colonization required adaptation to both biotic and abiotic factors present 73 

in the new environments. Thus a wide-range of adaptations should be common in this species, 74 

and they should still be detectable as partial or complete sweeps at the DNA level (Przeworski 75 

2002). Moreover, in D. melanogaster the identified genetic variants can be mapped to a well-76 

annotated genome, and the wealth of genetic tools available allows to experimentally test the 77 

molecular mechanism and fitness consequences of the identified genetic variants (Mohr et al. 78 

2014). Not surprisingly, D. melanogaster has been extensively used as a model organism to 79 

identify the genetic targets of spatially varying selection (Hoffmann & Weeks 2007; Adrion et 80 

al. 2015). These studies have identified genetic variants and traits involved in geographical 81 

adaptation although only rarely genetic variants have been connected to fitness-related traits 82 

(Paaby & Schmidt 2008; Schmidt et al. 2008; Lee et al. 2011; Magwire et al. 2012; Lee et al. 83 

2013; Guio et al. 2014; Mateo et al. 2014; Paaby et al. 2014; Ullastres et al. 2015; 84 

Merenciano et al. 2016).  85 

Most of our knowledge on the genetic basis of spatially varying selection so far comes from 86 

the analyses of North American and Australian D. melanogaster populations (reviewed in 87 

Adrion et al. 2015). However, the identification of genes underlying local adaptation in 88 

populations from these two continents is confounded by the admixture between European and 89 

African populations (Caracristi & Schlotterer 2003; Yukilevich & True 2008b, a; Yukilevich 90 
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et al. 2010; Duchen et al. 2013; Fabian et al. 2015; Kao et al. 2015; Bergland et al. 2016). In 91 

both continents, the secondary contact between D. melanogaster populations from the derived 92 

and ancestral ranges of the species creates population differentiation patterns similar to those 93 

created by spatially varying selection. Thus, identification of clinally variant loci cannot be 94 

taken as evidence of spatially varying selection without considering also the potential role of 95 

admixture in the patterns observed (Ullastres et al. 2015; Bergland et al. 2016). Looking for 96 

overlapping patterns of population differentiation in closely related species has recently been 97 

used to overcome this limitation (Zhao et al. 2015; Machado et al. 2016). Comparing the 98 

stability of clines over long time periods should also help distinguish between polymorphisms 99 

maintained by selection and polymorphisms resulting from recent admixture (Anderson et al. 100 

2005; Umina et al. 2005; Weeks et al. 2006; Cogni et al. 2014; Kapun et al. 2016; Cogni et al. 101 

2017). Alternatively, comparing populations from other continents in which recent admixture 102 

has not occurred could also help in the identification of loci under spatially varying selection. 103 

There are a few studies in which European populations have been analyzed (Hutter et al. 104 

2008; Muller et al. 2011; Catalan et al. 2012; Bozicevic et al. 2016). However, they were all 105 

based on the comparison between European and African strains, and to our knowledge, there 106 

is no study in which patterns of population differentiation within the European continent have 107 

been analyzed. Thus, whether European populations do not show recent admixture and as 108 

such are a good system to identify loci under spatially varying selection remains to be tested. 109 

Another characteristic of the studies performed to date is that most of them are based on the 110 

analysis of a single type of genetic variant, which most often is Single Nucleotide 111 

Polymorphisms (SNPs). Other type of variants that are also likely to play a role in adaptation, 112 

such as transposable element (TE) insertions, other copy number variants, and inversions, 113 

remain understudied (Gonzalez et al. 2008, 2010, 2015; Kapun et al. 2016; Schrider et al. 114 
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2016). TEs are particularly likely to be involved in adaptation because they generate 115 

mutations that often have complex phenotypic effects (Chuong et al. 2017; Horvath et al. 116 

2017). In a series of analyses, Gonzalez et al. (2008, 2010, 2015), investigated a subset of TE 117 

insertions in two North American, two Australian, and two populations collected in opposite 118 

slopes of the Evolution Canyon, in Israel, that although being geographically close have 119 

temperate- and tropical-like climates. While some insertions showed parallel patterns in North 120 

America and Australia, none of the investigated TEs differed in the Evolution Canyon 121 

populations suggesting that they might not be targets of spatially varying selection (González 122 

et al. 2015). However, the dataset of TEs analyzed in these studies was incomplete and biased. 123 

Thus, further analyses are needed to get a more complete picture of the role of TEs in local 124 

adaptation (González et al. 2015). 125 

In this work, we aimed at testing whether European D. melanogaster populations could be a 126 

good model system to disentangle demography from selection, and thus to identify genomic 127 

targets of spatially varying selection. To accomplish this, we first tested whether two 128 

European populations collected in localities with contrasting environments: Stockholm in 129 

Sweden, which has a humid continental climate, and Castellana Grotte in Bari, Southern Italy, 130 

which has a hot summer Mediterranean climate, showed evidence of population structure or 131 

admixture patterns (Figure 1). These analyses were performed in the context of a more global 132 

dataset of natural populations including one African population from the ancestral range of 133 

the species (Gikongoro, Rwanda, Pool et al. (2012)) and one North American population 134 

(Raleigh, North Carolina, Huang et al. (2014)) (Figure 1, Table S1, Supporting information). 135 

After excluding a major role of population structure and admixture in the genomic 136 

differentiation patterns of these two European populations, we used FST to identify both SNPs 137 

and TE insertions under selection. In addition to identifying individual candidate genes, we 138 
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also performed gene set enrichment analyses, which allowed us to identify more subtle trends 139 

in allele frequency changes affecting several genes that are indicative of polygenic adaptation 140 

(Daub et al. 2013). Finally, we draw on several independent sources of evidence to identify a 141 

set of genomic targets of spatially varying selection in D. melanogaster natural populations.  142 

 143 

MATERIAL AND METHODS 144 

Sample collection and newly sequenced genomes 145 

Genomes reported here are derived from two natural population samples collected in 146 

Stockholm (59.34º, 17.94º, Sweden) and in Castellana Grotte (40.90º, 17.16º, Bari, Southern 147 

Italy) in September and October 2011, respectively (Figure 1 and Table S2, Supporting 148 

information). Isofemale lines were established from a single wild-caught female and 149 

maintained in the laboratory for at least twenty generations at room temperature before 150 

sequencing. A total of 26 Swedish and 16 Italian strains were individually sequenced. For 151 

each strain, DNA was extracted from 30 adult females using Puregene Core Kit A (Qiagen, 152 

Germany) according to the manufacturer’s instructions. Short-sequence libraries (~500bp) 153 

were constructed and paired-end sequencing using Illumina High-Seq2000 platform was 154 

performed (100bp reads). Quality control was performed using FastQC (Andrews 2010). Raw 155 

fastq files were deposited in the Sequence Read Archive (SRA) from the National Center for 156 

Biotechnology Information (NCBI) under the BioProject accession: PRJNA390275. 157 

 158 

Previously sequenced genomes.  159 

A total of 24 inbred strains collected in Raleigh (North Carolina, USA) from the DGRP panel 160 

(Mackay et al. 2012; Huang et al. 2014), and haploid embryos derived from 17 inbred or 161 

isofemale strains collected in Gikongoro (Rwanda, Africa) from the DPGP2 panel (Pool et al. 162 
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2012) were also analyzed (Table S2, Supporting information). All these strains were 163 

sequenced to a similar depth and quality as the European strains reported in this work (Table 164 

S2, Supporting information). The 17 Rwandan strains are a subset of the 22 strains available 165 

for this population with no inferred cosmopolitan admixture (nine strains) or < 3% admixture 166 

(eight strains). For all these strains, raw reads in fastq format were downloaded from the 167 

NCBI-SRA. The global cohort consisted of a total of 83 genomes (26 Swedish, 16 Italian, 24 168 

North American, and 17 African) that were analyzed using the same pipeline (Table S2, 169 

Supporting information). 170 

 171 

Read mapping and coverage analysis 172 

Reads from the four populations analyzed were quality trimmed using sickle v.1.2 when mean 173 

quality dropped below 20 (Joshi & Fass 2011). Reads shorter than 50bp were discarded. Read 174 

mapping to the D. melanogaster reference genome (Flybase release 5) was performed using 175 

bwa-Backtrack v. 0.78 algorithm using strict default parameters (Li & Durbin 2010). Optical 176 

duplicates were marked with Picard v.1.115. The alignment around indels was refined using 177 

GATK v.3.2 IndelRealigner (McKenna et al. 2010). Reads with a BWA mapping quality score 178 

less than 20 and unmapped reads were realigned using Stampy v.1.0.20 for a more accurate re-179 

mapping (Lunter & Goodson 2011). Reads with a Stampy mapping score higher than 20 were 180 

merged with the previous alignment. The distribution of coverage per base pair was calculated 181 

for each strain using GATK BaseCoverageDistribution. The coverage values corresponding to 182 

the 0.975 percentile were calculated for each strain using a custom R script (Table S2, 183 

Supporting information).  184 

 185 

Variant Calling and Joint Genotyping 186 
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We followed the two-step GATK variant calling pipeline as follows. First, haplotype calling 187 

was performed independently for each strain using GATK HaplotypeCaller with a minimum 188 

base quality of 31 (Mackay et al. 2012). We checked the distribution of heterozygous SNPs 189 

and they were distributed along the genome without any apparent region being enriched for 190 

heterozygous SNPs. Second, joint genotyping of the cohort of 83 genomes was performed 191 

using GATK GenotypeGVCF, which aggregates the gVCF files obtained from GATK 192 

HaplotypeCaller into a multi-sample VCF file. A total of 6,820,800 variants were called, 193 

including indels. Out of 6,820,800 variants, 5,479,546 were annotated as SNPs. SNPs falling 194 

in low-recombination regions close to centromeres and telomeres were excluded. The 195 

coordinates corresponding to euchromatic regions used in our analyses were defined by the 196 

recombination rate calculator (RRC) estimates (Fiston-Lavier et al. 2010) and included 197 

2L:530,000–18,870,000; 2R:1,870,000–20,860,000; 3L:750,000–19,020,000; 3R:2,580,000–198 

27,440,000; and X:1,220,000–21,210,000. These regions contained a total of 4,804,172 SNPs. 199 

SNPs within 5 bp of indels or other types of complex mutations and SNPs falling in repetitive 200 

or low complexity regions according to RepeatMasker were excluded to obtain a set of 201 

4,106,958 SNPs. Different further filters were specifically applied in each analysis and are 202 

detailed in the corresponding sections (see below).  203 

 204 

Genetic diversity and population structure analysis in the four worldwide populations 205 

Regions of known cosmopolitan admixture in the African strains were excluded from the 206 

initial dataset of 4,106,958 SNPs, yielding a total of 3,749,072 SNPs (Pool et al. 2012). 207 

Genome-wide diversity levels (π) were estimated for non-overlapping windows of 10,000 208 

SNPs using vcftools v.0.1.12. The average nucleotide diversity was calculated for the whole 209 

genome and separately for the autosomes and the X chromosome using an ad hoc R script. 210 
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We calculated nucleotide diversity considering that we were sampling two alleles. Because it 211 

is possible that in each isofemale strain genome we are sampling greater than or less than two 212 

alleles per locus, we also estimated nucleotide diversity after sampling one allele per genome 213 

with a weighted probability based on allelic read counts using an ad hoc python script. 214 

Global weighted Weir and Cockerham unbiased estimator of the fixation index (FST) was 215 

estimated between each pair of populations using vcftools (Weir & Cockerham 1984; 216 

Danecek et al. 2011). Population structure was also assessed by principal component analysis 217 

using Eigensoft and model-based global ancestry estimation using Admixture. SNPs with a 218 

minor allele frequency <15% or a genotyping rate lower than 70% were excluded. Two 219 

African strains with a variant calling lower than 70% (RG4, RG18) were also excluded. The 220 

final set consisted on 68,390 high confidence SNPs. Model-based global ancestry was 221 

estimated using Admixture software (Alexander et al. 2009). The number of ancestral 222 

populations analyzed (k) ranged from 1 to 7. Cross validation error for each value of k was 223 

used to determine the most likely hypothesis. The ancestry coefficients for each strain were 224 

plotted using the ggplot2 v1.0.0 library loaded in R v-3.1.0. 225 

 226 

Testing for population differentiation in Europe 227 

The following additional filters were applied to the initial set of 4,106,958 SNPs: (i) only non-228 

singleton biallelic SNPs were considered; (ii) A custom perl script was used to filter to N 229 

individual calls with coverage lower than 10x or higher than the 0.975 percentile of the 230 

coverage per base pair distribution for the strain considered (see Table S2, Supporting 231 

information); (iii) SNPs with a genotyping rate lower than 70% were excluded. In our dataset, 232 

this threshold maximizes the number of positions that pass the filtering while excluding those 233 
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positions with an excess of missing genotypes. (iv) SNPs segregating at a frequency lower 234 

than 5% in the European population were excluded.  235 

A total of 1,123,227 SNPs passed our conservative filtering pipeline in the European 236 

populations and were used to calculate the pairwise Weir and Cockerham unbiased estimator 237 

of the fixation index (FST) using vcftools (Weir & Cockerham 1984; Danecek et al. 2011). 238 

Significance of the heterogeneity in population differentiation levels across chromosomal 239 

arms was determined by performing one-way ANOVA. In subsequent analyses, the empirical 240 

distribution of FST in each chromosomal arm was used to identify outliers. Genomic 241 

differentiation within the In(2L)t common cosmopolitan inversion (2L:2225744..13154180, 242 

(Pool et al. 2012)) was compared to the levels observed in the rest of the chromosomal arm 243 

by performing a Mann-Whitney U test. We also estimated the population frequency of 244 

common and rare cosmopolitan inversions in the 42 European strains analysed in this work 245 

using the panel of SNPs known to be associated with these inversions (Kapun et al. 2016).  246 

 247 

Over/Under representation of candidate differentiated loci per functional category 248 

Functional annotation of SNPs was performed using VariantAnnotation R/Bioconductor 249 

package (Obenchain et al. 2014). Out of the initial 1,123,227 SNPs, 1,121,948 could be 250 

annotated into the following functional categories: intergenic, promoter (1,000 bp upstream of 251 

the transcription start site), core promoter (316 bp upstream of the transcription start site; 252 

(Hoskins et al. 2011), 5’ UTR, coding, splice site, intron, and 3’ UTR using 253 

TxDb.Dmelanogaster.UCSC.dm3.ensGene R/Bioconductor package v.2.14.0. Coding variants 254 

were further classified into synonymous and non-synonymous. In order to obtain a set of 255 

neutrally evolving polymorphisms, we extracted those SNPs falling within the first 8-30 base 256 
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pairs of small introns (<=65 bp) (Parsch et al. 2010). The rest of intronic SNPs, which mostly 257 

belong to large introns, were classified as non-small intronic SNPs. 258 

Counts of SNPs falling in the top 5%, 1% and 0.5% tails of the chromosomal empirical FST 259 

distribution were determined for each functional category. Two sided Fisher’s exact test was 260 

used to determine if there were non-random associations between functional category and 261 

belonging to the 95% of the chromosomal arm FST distribution, or to the top 5%, 1% or 0.5% 262 

tails, while controlling for allele frequency, chromosomal arm, and considering SNPs in small 263 

introns as background of our analyses. The same procedure was used to determine if there 264 

was an over- or under-representation of candidate differentiated loci specifically located 265 

inside In(2L)t inversion with respect to the rest of each chromosomal arm.  266 

 267 

Assignment of ZST scores to genes 268 

A population differentiation score per gene was obtained while controlling for gene length 269 

bias. SNP-wise FST values were converted to gene-wise FST values by assigning to each gene 270 

the maximum FST value among those SNPs found along its transcribed region and the 1kb 271 

region upstream of the transcription start site. This has been shown to be a good 272 

representation of the FST per gene (Daub et al. 2013). Maximum FST values per gene were 273 

normalized to a Z score using chromosome specific empirical FST distributions. There was a 274 

positive correlation between gene length (and number of SNPs) and Z score (r = 0.37132; p-275 

value = 2.2e-16) (see Figure S1A, Supporting information). In order to correct for this 276 

potential bias, genes were assigned to 16 bins containing all genes with a similar number of 277 

SNPs and showing non-significant correlation between number of SNPs and Z score within 278 

each bin. We followed the approach detailed in (Daub et al. 2013) to obtain a median based 279 

corrected Z score that will be referred to as ZST score. As a result, the correlation between the 280 
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number of SNPs per gene and ZST was eliminated (r = 0.01121; p-value = 0.1981) (Figure 281 

S1B, Supporting information). A total of 657 genes in the top 5% tail of the empirical ZST 282 

distribution were considered as candidate differentiated genes.  283 

 284 

Functional enrichment analysis 285 

Gene Ontology (GO) term enrichment analysis in the list of 657 candidate differentiated 286 

genes was performed using topGO v.2.16.0 (Alexa et al. 2006). We also performed gene set 287 

enrichment analysis by applying the Kolmogorov-Smirnov like test, which computes 288 

enrichment based on gene ZST scores using GO’s biological process annotation as gene set 289 

definition. In addition to the conventional Fisher’s exact test or the Kolmogorov-Smirnov test 290 

(classic), we used three other algorithms: elim, weight and weight01 to identify significantly 291 

enriched GO biological processes. While in the classic enrichment test each GO term is tested 292 

independently, in the other three algorithms the hierarchical structure of the GO is taken into 293 

account so that the enrichment score incorporates information about the whole GO topology. 294 

This eliminates local similarities and dependencies between GO terms and reduces the high 295 

false-positive rate that is usually attained with classic GO enrichment tests (Alexa et al. 2006). 296 

The elim method iteratively removes genes annotated to significant GO terms from their 297 

ancestors, following a bottom-up approach. This allows for the identification of more specific 298 

nodes in the GO graph. The Weight algorithm identifies the locally most significant terms in 299 

the GO graph (and not necessarily the most specific terms). Weight01 is a combination of 300 

weight and elim algorithms. We decided to look at the results yielded by elim, weight and 301 

weight01 in order to explore which areas in the GO graph contain enriched GO terms instead 302 

of finding the precise GO terms that are enriched. Only GO terms with 5 or more 303 

differentiated genes were considered. We considered that a GO term was significantly 304 
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enriched when the p-value computed by the elim, weight or weight01 algorithms was smaller 305 

than 0.05. These methods are internally reducing the significance of most GO terms and 306 

practically disregarding many of them, reducing the probability of having false positives due 307 

to the multiple-testing problem. As such, the raw p-values obtained with this methods can be 308 

considered as corrected p-values (Alexa et al. 2006). 309 

 310 

TE frequency estimations 311 

We used T-lex version 2 (Tlex2) to estimate presence/absence of TEs in each individual strain 312 

from the Italian and Sweden population (Fiston-Lavier et al. 2015). We used release 5 of the 313 

Drosophila melanogaster genome as reference along with TE coordinates downloaded from 314 

FlyBase (Hoskins et al. 2007). From the original 5,416 TE dataset, we excluded TEs 315 

overlapping other TEs, TEs that are part of segmental duplications, and TEs flanked by other 316 

repetitive regions (Fiston-Lavier et al. 2015). In addition, we excluded TEs belonging to the 317 

INE family (2,235 TEs) because we expect them to be fixed (Kapitonov & Jurka 2003; Singh 318 

& Petrov 2004; Yang & Barbash 2008). Overall, Tlex2 was run for 1,632 TEs.  319 

 320 

FST calculation for TEs 321 

Using the presence/absence information provided by Tlex2 we created a multi-sample VCF 322 

file encoding the genotype of the 1,632 TEs in each individual strain. Then, we used vcftools 323 

(Danecek et al. 2011) for calculating the Weir & Cockerham (1984) estimator of the fixation 324 

index. A total of 556 TEs were at a frequency lower than 5% in both populations, 893 TEs 325 

were fixed in both populations, and for 22 TEs Tlex2 was not able to determine the population 326 

frequencies. We ended up with FST values for 161 TEs. We compared the FST values 327 

obtained for the TEs to the empirical distribution of FST values obtained for SNPs. Those 328 
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TEs falling in the top 5%, 2.5% or 0.5% tails of the distribution were considered as candidate 329 

differentiated TEs. 330 

 331 

 332 

RESULTS 333 

Genetic diversity, population structure, and admixture patterns in Swedish and Italian 334 

populations 335 

We individually sequenced 26 strains collected in Stockholm, Sweden, and 16 strains 336 

collected in Castellana Grotte (Bari), Southern Italy, to an average coverage of 28.6x using 337 

Illumina technology (Figure 1 and Table S2, Supporting information). 338 

To investigate the genetic diversity, population structure, and admixture patterns in European 339 

populations in the context of a more global dataset of natural populations, we used a joint 340 

genotyping strategy to call SNPs in strains from these two European populations, one North 341 

American population (24 strains collected in Raleigh, North Carolina, USA, Huang et al. 342 

(2014)), and one African population collected in the ancestral range of the species (17 strains 343 

sequenced from haploid embryos, Gikongoro, Rwanda, Africa, Pool et al. (2012)) (Table S2, 344 

Supporting information).  345 

We estimated genome-wide diversity levels (π) for the two European populations sequenced 346 

in this study, and for the North American and African strains (Pool et al. 2012; Huang et al. 347 

2014) (Figure 2 and Table S3a, Supporting information). The average level of nucleotide 348 

diversity is similar in the two European populations analyzed: 0.0047 and 0.0044 in Sweden 349 

and Italy, respectively. These values are similar to previous available estimates for two other 350 

European populations: Lyon (France) 0.0047 and Houten (Netherlands) 0.0046 (Lack et al. 351 

2016). We also estimated genome-wide diversity levels sampling one allele per genome (see 352 
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Material and Methods). In this case, estimates of genome-wide diversity were smaller (Table 353 

S3b, Figure S2, Supporting information).  354 

Because the effective population size of the X chromosome is ¾ of that of the autosomes, we 355 

expect reduced levels of polymorphisms on the X chromosome compared to the autosomes 356 

(Begun and Whitley 1997). Indeed, we found that the average polymorphism on the X 357 

chromosome is reduced relative to autosomes both in the Swedish and Italian populations 358 

(Figure 2 and Table S3, Supporting information). On the other hand, we did not find reduced 359 

polymorphism in the X vs the autosomes in Rwanda (Figure 2 and Table S3, Supporting 360 

information). This has previously been reported, and it is likely due to an unequal sex ratio in 361 

African populations, where female population size has been estimated to be 1.8 times larger 362 

than male population size (Hutter et al. 2007). According to the African origin of D. 363 

melanogaster, diversity in non-African populations is expected to be a subset of that within 364 

Africa (David and Capy 1988). Consistently, we found that the Rwanda population showed 365 

the highest genomic diversity of the four populations analyzed (Figure 2). 366 

Global FST values showed that the European populations are the less differentiated (Figure 3). 367 

FST between African and European populations is higher than between African and the North 368 

American population consistent with previous analysis reporting a secondary contact between 369 

African and North American strains (Duchen et al. 2013; Kao et al. 2015; Bergland et al. 370 

2016) (Figure 3).  371 

Principal component analyses clearly separated strains by continent (Figure 4). The two first 372 

principal components (PCs) explained a 39.3% of the observed variance. PC1, which explains 373 

36.3% of the observed variance, separates African strains from non-African strains, and to a 374 

lesser extent American and European strains (Figure 4). PC2, which captures 3% of the 375 
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variance, separates American from European strains. Consistent with FST estimates, European 376 

strains appeared closer to each other than American strains, and African strains (Figure 4).  377 

Finally, we also performed model-based global ancestry estimation (Figure 5). The most 378 

likely hypothesis according to cross-validation errors, is a model with two or three ancestral 379 

populations (Figure S3, Supporting information). The model with two ancestral populations 380 

(k = 2) clearly shows a cluster of African ancestry and a cluster of non-African ancestry, with 381 

the American population showing an average of 32% of African ancestry. The model with 382 

three ancestral populations (k = 3) separates strains by continent (Figure 5). Increasing the 383 

number of ancestral populations does not separate the two European populations, suggesting 384 

that Swedish and Italian strains belong to a single cluster (Figure 5).  385 

Overall, as expected, our results are consistent with an out-of-Africa migration, as Rwandan 386 

samples are the most genetically diverse (Figure 2). Our results are also consistent with 387 

population structure among continents (Figure 3 and 4), and with North American strains 388 

showing a considerable proportion of African admixture (Figure 5). Finally, the two European 389 

population analyzed showed low levels of population structure (Figure 3 and 4) and no recent 390 

African admixture (Figure 5) suggesting that they could be a good dataset to identify loci 391 

under spatially varying selection.  392 

 393 

Genomic differentiation between Swedish and Italian populations 394 

To identify signatures of population differentiation between Swedish and Italian strains, we 395 

estimated pairwise FST for all individual SNPs segregating at a minor allele frequency higher 396 

than 5% in these two populations (see Material and Methods). The empirical genome-wide 397 

distribution of FST, which reflects primarily drift and other non-selective forces, had a 398 

maximum around zero and exponentially decays with a long tail of high FST values (Figure 399 
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S4A, Supporting information). We found that the levels of differentiation were significantly 400 

heterogeneous among chromosomal arms (ANOVA p-value <2e-16; Figure S4B, Supporting 401 

information). Therefore, we used the empirical FST distribution of each chromosomal arm to 402 

identify candidate differentiated SNPs in each chromosome. SNPs falling in the top 5%, top 403 

1% or top 0.05% tails of the distribution were considered as candidates (Figure S4C, 404 

Supporting information).  405 

To investigate the contribution of inversions to the observed population differentiation 406 

patterns, we first estimated the frequency of cosmopolitan inversions in Swedish and Italian 407 

populations (Table S4, Supporting information). The only inversion present at a significant 408 

frequency was In(2L)t: 18.8% in the Italian strains analysed and 31.5% in the Swedish strains 409 

analysed. In(2R)NS was present at low frequencies in both populations, while In(3R)P and 410 

In(3L)P were either absent or present at low frequency (Table S4, Supporting information). 411 

We thus only considered In(2L)t for the rest of this work.  412 

We then tested whether FST values inside In(2L)t common cosmopolitan inversions was 413 

different from those of the rest of the chromosomal arms. Additionally, we tested whether the 414 

proportion of candidate SNPs (top 5%, top 1% and top 0.05%) differed between the inversion 415 

and the rest of the chromosomal arm (Figure 6A). The median FST inside In(2L)t inversion 416 

was significantly higher than the median FST outside this inversion: 0.0080 vs 0.0068 (p-417 

value = 0.0113). However, we did not find a significant accumulation of candidate 418 

differentiated loci inside the inversion (Figure 6A).  419 

We then analyzed the functional class of the differentiated SNPs. We first compared the 420 

distribution of non-differentiated and differentiated SNPs across the different functional 421 

categories and found that as expected, small introns are enriched for non-differentiated SNPs 422 

and are depleted of differentiated SNPs (Figure 6B). Our results also showed that core 423 
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promoter, distal promoter, and intergenic regions are enriched for differentiated SNPs (Figure 424 

6B). Considering small introns as the background and controlling for allele frequency, 425 

chromosome, and In(2L)t inversion status, we found that although other functional categories 426 

are enriched in differentiated SNPs, distal promoter, core promoter and intergenic regions are 427 

the three categories that showed a more significant enrichment of candidate SNPs (Table S5, 428 

Supporting information).  429 

 430 

Biological processes involved in population differentiation 431 

To identify the biological processes likely to be involved in population differentiation, we 432 

first converted the SNP-centric FST values into gene-centric ZST scores while controlling for 433 

gene length bias (see Material and Methods and Daub et al. (2013)). ZST scores are 434 

approximately normally distributed with positive values indicating high levels of population 435 

differentiation and negative values indicating low levels of population differentiation (Figure 436 

S1, Supporting information). We obtained a ZST score for 13,140 genes, covering 84% of all 437 

annotated D. melanogaster genes. We considered as candidate-differentiated genes the 657 438 

genes with a ZST score in the top 5% of the distribution (Table S6, Supporting information).  439 

We then performed GO enrichment analysis using an algorithm based on the classical 440 

Fisher’s exact test (classic), and three additional more strict algorithms (elim, weight and 441 

weight01) that eliminate local similarities and dependencies between GO terms in order to 442 

reduce the false-positive rate (see Material and Methods). The candidate 657 genes were 443 

enriched in 43 GO terms according to at least one of the more strict algorithms, which we 444 

classified into broader categories to simplify their interpretation (Table S7, Supporting 445 

information). The significant biological processes are related to response to xenobiotics, 446 

pigmentation, immunity, and developmental processes among others (Table S7, Supporting 447 
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information). We also checked whether there was overlap between the 43 GO terms identified 448 

in this and previous works, and we found that 6 of the GO terms had been previously 449 

identified (Table S8, Supporting information). Among the six overlapping GO terms, we 450 

found GO:0030707 and GO:0007297, which are related to ovarian follicle cell development 451 

and ovarian follicle cell migration, respectively. Interestingly, these processes are associated 452 

with diapause in D. melanogaster (Saunders et al. 1989; Baker & Russell 2009), a complex 453 

phenothypic trait involved in the adaptation to temperate regions through overwintering 454 

(Schmidt et al. 2005; Zonato et al. 2017).  455 

 456 

Candidate genes and candidate SNPs involved in population differentiation 457 

To identify the most likely candidate SNPs to play a role in local adaptation, we focused on 458 

the 22 genes that belong to the four GO terms that were consistently found to be 459 

overrepresented across algorithms: response to insecticide, cuticle pigmentation, neuropeptide 460 

signalling pathway, and cell wall macromolecule catabolic process (Table 1). For each gene 461 

in these four significant GO terms, we identified the SNP with the highest FST (Table 1). We 462 

checked whether the candidate genes were located inside or nearby the breakpoints of the 463 

cosmopolitan inversion In(2L)t. Only one of the 22 candidate genes, Duox, was located inside 464 

In(2L)t inversion. However, this gene has been previously identified when analysing different 465 

natural populations, and also showed expression changes when comparing temperate with 466 

tropical populations (Reinhardt et al. (2014); Zhao et al. (2015); Machado et al. (2016)). 467 

The strongest FST signal in the genome corresponds to a coding change in the 468 

Acetylcholinesterase (Ace) gene that is known to confer insecticide resistance and has been 469 

previously found to show patterns of population differentiation (Karasov et al. 2010; Fabian 470 

et al. 2012; Reinhardt et al. 2014; Machado et al. 2016) (Table 1). In this gene, we also 471 
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identified two additional coding mutations that are known to confer insecticide resistance 472 

(3R: 9069408_C/G, Gly303Ala, and 3R: 9063921_C/G, Gly406Ala with FST values of 0.05 473 

and 0.65, respectively) (Karasov et al. 2010). Besides, we also identified two additional 474 

coding mutations with unknown functional impact (3R: 9071797_T/C, Thr20Ala; 3R: 475 

9071847_A/G, Ile8Thr with Fst values of 0.3 and 0.38, respectively). A new candidate 476 

mutation was also identified for Cyp6g1 (Table 1). This gene has also been repeatedly 477 

reported as a candidate gene in population differentiation studies across continents and it has 478 

been experimentally shown to confer resistance to insecticides (Daborn et al. 2002; Daborn et 479 

al. 2007; Battlay et al. 2016). Daborn et al. (2002) identified a TE insertion upstream of 480 

Cyp6g1 that increased the expression of this gene resulting in resistance to DDT and 481 

neonicotinoids (Daborn et al. 2002; Daborn et al. 2007). More recently, Battlay et al. (2016) 482 

identified several SNPs in the Cyp6g1 gene associated with resistance to a different type of 483 

insecticide, the organophosphate azinphos-methyl, with the strongest association being from a 484 

SNP located in an intron. The mutation identified in this work is a coding mutation, and thus 485 

could represent an additional Cyp6g1 genetic variant involved in insecticide resistance (Table 486 

1). Finally, we found that two other insecticide resistance related genes Cyp6a8 and Gr8a also 487 

have coding changes while Cyp6g2 has a mutation in the core promoter (Table 1).  488 

Regarding cuticle pigmentation and neuropeptide signalling, all changes were non-coding 489 

changes or synonymous changes, while cell wall macromolecule catabolic process contained 490 

non-coding or non-synonymous changes. This later GO term contains the gene with the 491 

second highest FST in the genome: a SNP in the core promoter of LysC (Table 1). It is 492 

noteworthy that both in cuticle pigmentation (yellow-e3, yellow-e) and in cell wall 493 

macromolecule catabolic process (LysC, LysD, LysE, LysP, LysS) the differentiated genes are 494 

located next to each other, forming two physical clusters of genes that are co-differentiated 495 
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and functionally related (Table 1). The two clusters are located in regions with high local 496 

recombination rates, 2.69 cM/Mbp and 3.15 cM/Mbp respectively, and expand several 497 

kilobases, 11.8 kb and 17.8 kb respectively. Thus, although we cannot discard that some of 498 

the identified candidate SNPs are linked to the causative adaptive mutation, it could also be 499 

that several of them are adaptive (Table 1). Indeed, for LysP, LysE, and yellow-e there are 500 

independent lines of evidence suggesting that they are under selection (Levine et al. 2011; 501 

Zhao et al. 2015; Machado et al. 2015, Juneja et al. 2016). 502 

We also identified the genes in our dataset that have been reported as candidates in previous 503 

studies (Table S1, Supporting information). The number of overlapping genes ranged from 504 

zero to 177: while no overlap was found between our candidates and the ones identified by 505 

Juneja et al. (2016) when comparing two Australian populations, 177 out of 657 genes 506 

significantly overlapped between our study and the ones identified by Machado et al. (2016) 507 

in the North American East coast (Fisher’s exact test, p-value = 0.01904; Table S1, 508 

Supporting information). Overall, 363 of the 657 genes (55 %) identified in this study have 509 

already been identified in at least one previous study. Interestingly, 35 of these 363 genes, 510 

besides showing evidence of population differentiation in other continents, also showed 511 

differential gene expression when comparing tropical and temperate populations (Table S9, 512 

Supporting information). These 35 genes, which are involved in several ecologically relevant 513 

biological processes, are thus good candidates for follow-up functional validation (Table S9, 514 

Supporting information). 515 

 516 

Gene set enrichment analysis 517 

Classical GO enrichment analysis is powerful when several genes belonging to the same GO 518 

term show strong signals of differentiation that go beyond a threshold (top 5% in this work). 519 
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However, it fails to detect more subtle trends in which most genes annotated to the same GO 520 

term might not belong to the top 5% of the ZST distribution but as a whole tend to have higher 521 

ZST scores than expected by chance (Subramanian et al. 2005). In order to detect those GO 522 

terms whose genes tend to occur toward the top of the ZST distribution, we performed a 523 

Kolmogorov-Smirnov like test.  524 

A total of 31 GO terms were found to be significantly enriched by the three algorithms and 58 525 

additional GO terms were found to be significantly enriched by at least one of the more strict 526 

algorithms. The list of 89 GO terms was classified into broader categories to simplify its 527 

interpretation (Table S10, Supporting information). While some broader categories, such as 528 

developmental processes and genome organization, overlapped with the GO terms enriched in 529 

the top 5% differentiated genes, others such as circadian rhythm were only identified when 530 

performing gene set enrichment analysis (Table S10, Supporting information). We found that 531 

13 of the 89 GO terms were previously identified by other works (Table S11, Supporting 532 

information). 533 

Overall, the gene set enrichment analyses allowed us to identify additional biological 534 

processes potentially involved in differentiation between the two European populations 535 

analyzed. 536 

 537 

Transposable elements also contribute to European population differentiation 538 

Besides SNPs, we also investigated whether TEs showed patterns of differentiation between 539 

the Swedish and Italian populations. We first genotyped and estimated the frequency of TEs 540 

in these two European populations using the T-lex2 pipeline (Fiston-Lavier et al. 2015). We 541 

then calculated FST values for 161 TEs segregating at a minor allele frequency higher than 5% 542 

in the two populations (see Material and Methods). The empirical distribution of the FST 543 
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estimates for TEs was very similar to the SNPs FST values distribution (Figure S5, Supporting 544 

information). Therefore, we used the SNPs critical FST values of each chromosomal arm to 545 

determine the significantly differentiated TEs. We identified six TEs with significant 546 

population differentiation: four of them are present at higher frequencies in the Swedish 547 

population while the other two are present at higher frequencies in the Italian population 548 

(Table 2).  549 

We identified the genes located nearby these six TEs (< 1kb), and analyzed their associated 550 

biological processes GO terms (Table 2). Interestingly, one of the genes nearby insertion 551 

FBti0020162, which is present at higher frequency in Swedish compared with Italian 552 

populations, is involved in cellular response to cold (Table 2). Other ecologically relevant 553 

biological processes such as detection of chemical stimulus and response to starvation could 554 

be affected by FBti0019679 and FBti0019344 insertions respectively (Table 2). Five of the 555 

eight genes nearby TEs with significant FST between Swedish and Italian populations were 556 

previously identified in other works (Table 2). 557 

 558 

 559 

DISCUSSION 560 

In this work, we tested whether European populations could be a good dataset to disentangle 561 

the effects of demography and selection, and thus to identify the genetic basis of adaptation. 562 

These two populations were collected in locations with contrasting environments: Stockholm 563 

in Sweden, and Castellana Grotte, in Bari, Southern Italy (Figure 1). We first explored the 564 

genetic diversity, population structure, and admixture patterns of these two populations in the 565 

context of a more global dataset including an African population from the ancestral range of 566 

the species, and a North American population (Pool et al. 2012; Huang et al. 2014). Our 567 
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results confirmed that there is population structure across continents, and that North American 568 

populations show admixture with African populations (Figure 3-5). On the other hand, low 569 

levels of population structure and no recent African admixture was detected for the two 570 

European populations analyzed (Figure 3-5). Thus, the Italian and Swedish populations 571 

analyzed in this work should be a good dataset to identify loci under spatially varying 572 

selection.  573 

However, we cannot discard that the European populations analyzed in this work have 574 

African admixture from a different source African population. Kao et al (2015) reported some 575 

proportion of admixture in strains collected in France when a population from Cameroon was 576 

used as a source African population. However, Bergland et al (2015) analyzed admixture in 577 

North American and Australian populations using 19 different African populations, including 578 

the Gikongoro population used in this study. Admixture was detected independently of the 579 

donor population used in the analysis. If there was some degree of admixture that we failed to 580 

detect, the patterns of population differentiation identified for some of the European genetic 581 

variants could be the result of admixture rather than selection (Duchen et al. 2013; Flatt 2015; 582 

Kao et al. 2015; Bergland et al. 2016). To tease apart selective from non-selective signatures 583 

of population differentiation, we analyzed our results in the context of all the previous 584 

available genome-wide datasets including both genomic and transcriptomic data. Our 585 

analyses allowed us to identify new genes likely to be involved in local adaptation, and to 586 

provide further evidence for previously identified candidate genes (Table 1 and 2, and Table 587 

S6, Supporting information). Thirty-five of the 657 genes identified in this study, besides 588 

showing evidence of population differentiation in other continents, also showed evidence of 589 

differential gene expression in temperate vs tropical populations (Table S10, Supporting 590 

information). We argue that these genes, several of which are involved in ecologically 591 
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relevant processes such as insecticide resistance and pigmentation, are good candidates to 592 

underlie local adaptation (Table S10, Supporting information).  593 

For some of the genes already known to play a role in local adaptation, we pinpointed new 594 

candidate genetic variants suggesting that different variants might be under selection in 595 

different populations. Adding European populations to the already available studies is thus 596 

enhancing our understanding of adaptive evolution. This is the case of Ace for which, besides 597 

providing further evidence for three coding SNPs previously shown to confer resistance to 598 

pesticides, we identified two additional coding SNPs that could have also been targets of 599 

selection (Karasov et al. 2010). Another example is a coding SNP in the Cyp6g1 gene, which 600 

is also involved in insecticide resistance (Daborn et al. 2002; Battlay et al. 2016). Besides Ace 601 

and Cyp6g1, two other genes functionally annotated as “response to insecticide” were present 602 

at higher frequencies in the Italian population. (Table 1). This is consistent with Italian and 603 

Swedish populations being subject to different insecticide pressures, which is in agreement 604 

with the characteristics of these two populations. While the Italian populations were collected 605 

in a vineyard in which pesticides were regularly used, the Swedish populations were collected 606 

in urban community gardens and thus are less likely to be subject to strong pesticide use.  607 

Besides response to insecticide, other GO terms such as cuticle pigmentation, defense 608 

response, and cell wall macromolecular catabolic process previously related to environmental 609 

adaptation were also identified (Table S7, Supporting information). Changes in four of the 610 

five genes involved in pigmentation were present at higher frequencies in the Italian 611 

population (Table 1). Variation in pigmentation in D. melanogaster natural populations has 612 

been related to different adaptive phenotypes: adaptation to cold environments, desiccation 613 

tolerance, and ultra-violet (UV) resistance (reviewed in True (2003)). The Swedish and Italian 614 

populations analyzed in this work differed in temperature, humidity, and UV exposure, and 615 
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thus it is reasonable to find significant differentiation in SNPs related to pigmentation (Peel et 616 

al. 2007). Defense response is also considered as an important trait affecting the ability of 617 

species to colonize new environments (Early et al. 2017). Besides the genes functionally 618 

annotated as defense response, three of the six genes functionally annotated as cell wall 619 

macromolecule catabolic process have been associated with anti-parasitic defense response 620 

(Roxström-Lindquist et al. 2004). Finally, the GO analysis also pinpointed six GO terms 621 

previously identified in clinal variation studies (Table S8, Supporting information). 622 

Interestingly, two of these terms are associated with ovarian diapause (Saunders et al. 1989; 623 

Baker & Russell 2009), an ecologically relevant trait putatively involved in the adaptation of 624 

D. melanogaster to temperate climates (Schmidt et al. 2005; Zonato et al. 2017). 625 

Besides analyzing individual genes likely to be involved in geographical adaptation, we also 626 

performed gene set enrichment analyses. This analysis complements the identification of 627 

mutations with strong effects by identifying biological pathways for which several small 628 

effect mutations have occurred (Daub et al. 2013). We indeed found evidence for polygenic 629 

adaptation in several biological processes (Table S10 and Table S11, Supporting information). 630 

Some of them, such as circadian rhythm, were not identified with the outlier approach while 631 

others, such as detection of chemical stimulus, seem to be affected both by large effect and 632 

small effect mutations. These results suggest that in addition to identifying individual genes, 633 

gene set enrichment analyses should be performed to get a more complete picture of 634 

adaptation. 635 

Finally, while previous studies focused on a single type of genetic variant, besides SNPs we 636 

also analyzed TE polymorphisms (Table 2). A total of 4% of the analyzed TEs showed 637 

significant patterns of population differentiation. Some of these TEs are located nearby genes 638 

involved in ecologically relevant biological processes such as cold adaptation or detection of 639 
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chemical stimulus (Table 2). Although we analyzed a much bigger dataset compared to 640 

previous studies (1,632 TEs vs 902 TEs), the number of TEs for which FST could be estimated 641 

and as such the number of candidate differentiated TEs was relatively small (Gonzalez et al. 642 

2008, 2010, 2015). However, our dataset is still incomplete as we focused on the TEs 643 

annotated in the reference genome, which is a North American strain (Gonzalez et al. 2008). 644 

We are thus missing all the TEs present in the two European populations that are not shared 645 

with the North American strain sequenced. De novo annotation of TEs in the two European 646 

populations analyzed in this work would probably result in the identification of more 647 

candidate TEs. Thus, further analyses are needed to better assess the role of TEs in local 648 

adaptation. 649 

Overall, our results suggest that European populations are a good dataset to advance our 650 

knowledge on the genetic basis of environmental adaptation. By analyzing populations with 651 

low levels of population structure and no evidence of recent admixture, we were able to 652 

confirm and to de novo identify genomic targets of spatially variant selection, and to pinpoint 653 

genes and biological processes relevant for local adaptation. Understanding adaptation 654 

ultimately requires providing functional evidence linking the candidate loci to their relevant 655 

phenotypic effects. However, these studies are extremely challenging because they require the 656 

identification of the specific phenotype to be examined and the particular experimental 657 

conditions in which the phenotype should be tested (Jensen et al. 2007). Epistasis and 658 

pleiotropy further complicates the establishment of a genotype-phenotype relationship 659 

(Lehner 2013; Mackay 2014). Thus, studies as the one reported here that contribute to the 660 

identification of a set of candidate genetic variants likely to be under selection are needed in 661 

order to pinpoint the most likely candidates for follow-up functional validation. Our study, 662 

however, was limited to only two European populations from contrasting environments 663 
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collected at a single time point. The European continent is very diverse in terms of habitats 664 

and climatic areas, and as such, a more complete analysis of different European populations 665 

should help identify candidate genes and biological processes under spatially varying 666 

selection. Besides spatial variation, analyzing seasonal variation is another venue of research 667 

that might be worth exploring in light of recent results obtained in North American 668 

populations (Bergland et al. 2014, see also Machado et al. (2016)).  669 

We conclude that adding European populations to the available genome-wide datasets of D. 670 

melanogaster populations allowed us to disentangle selective from non-selective signatures of 671 

population differentiation in this species. European populations did not show signatures of 672 

admixture and showed low levels of population structure and thus are a good dataset to 673 

evaluate the contribution of SNPs and TEs to adaptive evolution. The analysis of the genetic 674 

variants identified in this work pinpoint genes and biological processes that have been 675 

relevant for the adaptation of this species to the out-of-Africa environments. Furthermore, we 676 

identified both large-effect and small-effect mutations suggesting that polygenic adaptation 677 

has also been relevant in this colonization process.  678 
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TABLES AND FIGURES 927 
 928 

Table 1. Four GO terms are significantly enriched according to the four algorithms used.  929 
Go term Gene 

symbol 
Flybase ID Chromosomal 

position_SNP 
Functional 
category (aa 
change) 

FST Top % Freq 

Response to 
insecticide 
(GO:0017085) 

Ace 1-3 FBgn0000024 3R: 9069721_T/C coding (Ile199Val) 0.8300 0.05% Sw<It 
Cyp6a8 2-4 FBgn0013772 2R: 10775156_C/A coding (Arg424Leu) 0.3262 5% Sw>It 
Cyp6g12,4-8 FBgn0025454 2R: 8074953_A/T  coding (Thr316Ser) 0.3170 5% Sw<It 
Gr8a4 FBgn0030108 X: 9122642_C/A coding (Phe378Gln) 0.3769 5% Sw<It 
Cyp6g22,4 FBgn0033696 2R: 8078088_T/C  core promoter 0.4058 5% Sw<It 

Cuticle 
pigmentation 
(GO:0048067) 

Duox2,3 FBgn0031464* 2L: 2828253_G/A  intron 0.4456 5% Sw>It 
yellow-e3 FBgn0038150 3R: 9231325_T/G promoter 0.4490 1% Sw<It 
Burs4 FBgn0038901 3R: 17594564_G/T promoter 0.3693 5% Sw<It 
yellow-f  FBgn0041710 3R: 8818059_A/G coding (syn) 0.3144 5% Sw<It 
yellow-e3,7 FBgn0041711 3R: 9236499_T/G intron 0.5204 0.05% Sw<It 

Neuropeptide 
signaling 
pathway 
(GO:0007218) 

FMRFaR3 FBgn0035385 3L: 3007331_G/C  intron 0.4025 5% Sw>It 
PK2-R22,3,9 FBgn0038139 3R: 9157968_T/A  coding (syn) 0.5496 0.05% Sw<It 
PK2-R12,3 FBgn0038140 3R: 9170776_A/G  3' UTR 0.5496 0.05% Sw<It 
CCHa21-3,7 FBgn0038147 3R: 9217187_A/C  intron 0.5496 0.05% Sw<It 
AstA-R21 FBgn0039595 3R: 24567620_T/A intron 0.4649 1% Sw>It 
CG11318 FBgn0039818 3R: 26935799_C/T  promoter 0.3724 5% Sw>It 

Cell wall 
macromolecule 
catabolic 
process 
(GO:0016998 ) 

LysC FBgn0004426 3L: 1210299_T/C core promoter 0.7606 0.05% Sw>It 
LysD FBgn0004427 3L: 1211535_A/C intron 0.3769 5% Sw>It 
LysE4 FBgn0004428 3L: 1212985_A/C coding (Met12Leu) 0.5566 0.05% Sw>It 
LysP4,10 FBgn0004429 3L: 1218857_C/T core promoter 0.4162 1% Sw>It 
LysS FBgn0004430 3L: 1227771_C/T 5' UTR 0.3703 5% Sw<It 
CG17985 FBgn0033199 2R: 3542056_A/T coding (Asp167Glu) 0.3147 5% Sw<It 

1) (Fabian et al. 2012); 2) (Reinhardt et al. 2014); 3) (Machado et al. 2016); 4) (Zhao et al. 930 

2015); 5) (Hutter et al. 2008); 6) (Muller et al. 2011); 7) (Juneja et al. 2016); 8) (Catalan et al. 931 

2012); 9) (Kolaczkowski et al. 2011); 10) (Levine et al. 2011). *New ID: FBgn0283531. 932 
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Table 2. Transposable elements showed evidence of population differentiation. 939 

TE FST class family Nearby Gene Name TE Position GO (Biological Process) 

FBti0019010 Sw>It DNA pogo FBgn00335781 BBS4 
Intergenic. 
1,573bp 
upstream.  

Cilium assembly 

FBti0019679 Sw>It LTR 1731 FBgn0031181 Ir20a 
Intergenic. 
2,487bp 
downstream. 

Detection of chemical 
stimulus (predicted) 

FBti0019344 Sw>It 
non-
LTR 

Rt1a FBgn02612412 Vps16A 
Intergenic. 
8,616bp 
downstream. 

Syntaxin binding, 
autophagosome 
maturation, cellular 
response to starvation, 
endosomal transport, eye 
pigment granule 
organization 

FBti0020162 Sw>It LTR Stalker4 

FBgn0062928 pncr009:3L 

Overlapping 
exon - First 
non UTR 
intron 1 

- 
 

FBgn0052212 CG32212 
Overlapping 
5´ UTR - 

FBgn00368742 brv1 
Intergenic. 
728 bp 
upstream 

Cellular response to cold, 
detection of temperature 
stimulus involved in 
thermoception 

FBti0019360 It>Sw DNA pogo FBgn00513583 CG31358 
Intergenic. 
2,677 bp 
downstream. 

- 

FBti0020172 It>Sw DNA pogo FBgn02659594 rdgC 
Inside. First 
non UTR 
intron 2.  

Deactivation of 
rhodopsin, detection of 
temperature stimulus 
involved in sensory 
perception of pain, 
phototransduction, 
protein 
dephosphorylation, 
thermotaxis 

Nearby Gene: Genes identified as differentiated between clinal populations: 1) This work; 2) 940 

(Machado et al. 2016); 3) (Hutter et al. 2008); 4) (Zhao et al. 2015). 941 
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  943 

 944 

Figure 1. Geographical location of the two European populations analyzed in this work. 945 

SW (Sweden) and IT (Italy) populations are showed in bold. In addition, locations from 946 

where natural populations were analyzed looking for differentiated genes are showed in grey: 947 

FL: Florida, MA: Maine, TS: Tasmania, QS: Queensland, GA: Georgia, NC: North Carolina, 948 

SC: South Carolina, PA: Pennsylvania, WI: Winters, VA: Virginia, FR: France, EG: Egypt, 949 

ET: Ethiopia, SD: South Africa, ZA: Zambia, VT: Victoria, PM: Panama, ZB: Zimbabwe, 950 

NL: Netherlands, RW: Rwanda. Symbols indicate populations used in the same study (See 951 

Table S1, Supporting information).  952 
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 955 

 956 

Figure 2. Genome-wide polymorphism (π) for each chromosomal arm. 957 

π estimates in 10.000 SNPs windows are plotted for each chromosome arm for each one of 958 

the four populations analyzed in this study. 959 
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 961 

 962 

Figure 3. FST network for the four populations analyzed in this work. 963 

Nodes represent the four populations analyzed and edges represent the estimated population 964 

distances measured by FST between all pairs of populations. Increased edge width corresponds 965 

with increased differentiation. Spell out acronyms. 966 
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 968 

Figure 4. Principal component analysis of the four populations analyzed in this work. 969 

Principal component analysis (PCA) was used to visualize the population structure among the 970 

26 Swedish (SW), 16 Italian (IT), 24 North Carolina (NC) and 17 Rwandan (RW) strains. 971 

Each point represents one individual strain. 972 
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 974 

Figure 5. Ancestral population clusters in European, American and African populations.  975 

Each bar represents an individual strain and the proportion of the genome that belongs to each 976 

ancestral population (k) is filled with a different color.  977 
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 979 

 980 

Figure 6. Over- and under-representation of differentiated SNPs in inverted regions and 981 

in different functional categories 982 

A) Percentage of non-differentiated and differentiated SNPs (top 5%, top 1% and top 0.5% 983 

tails) inside the In(2L)t cosmopolitan inversion. B) Percentage of non-differentiated and 984 

differentiated SNPs (top 5%, top 1% and top 0.5% tails) in different functional categories. 985 

The odds-ratio is represented as a heat map with red colors indicating over-representation and 986 

blue colors under-representation of candidate SNPs. Fisher’s Exact test p-values are indicated 987 

as * p < 0.05; ** p < 0.01; and *** p < 0.001. 988 
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